The effects of multi-walled carbon nanotubes (MWCNTs) on fire behavior of phosphorus-based flame retardant (PBFR)/polypropylene (PP) were investigated. Two different type phosphorus-based flame retardant that commercially available; ammonium polyphosphate-based (Exolit AP 760) and organic phosphorous-based (Aflammit PCO 900) powders were studied to enhance the flammability of polypropylene. Phosphorus-based flame retardant content was fixed at 8 wt% of total flame retardant (FR) formulation. MWCNTs was incorporated into FR formulation at four different concentrations (0.5 wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%). All composites were prepared by melt compounding in a twin-screw extruder followed by injection molding technique. Thermal properties and flammability of the prepared samples were determined by thermogravimetric analysis (TGA), limiting oxygen index (LOI) and micro combustion calorimetry (MCC). Incorporation of organic phosphorous-based powder into PP matrix showed a better fire performance compared to ammonium polyphosphate-based flame retardant by resulting in an 11.6% higher LOI value. The LOI values decreased with the incorporation of MWCNTs into PP/ PBFR combinations; however, they still increased the thermal stability of each respective system. The addition of 2.0 wt% MWCNTs decreased the LOI value of PP/organic phosphorous-based FR system 5.2% higher than PP/ammonium polyphosphate-based FR system. The heat release rate of PP reduced in the presence of both PBFRs, but; increased with the introduction of MWCNTs.
I. INTRODUCTION
Flame retardant polypropylene (PP) fibre is widely used in textile industry and related fields such as transportation, electric wire and cable, and decorative materials, due to its good processing performance, excellent chemical and thermal resistance in addition to its low cost [1] . PP burns rapidly without leaving a char residue due to its fully aliphatic carbon structure [2] . Phosphorous based flame retardant additives for PP have gain importance for more than 30 years after realizing the health and environmental impact of halogenated compounds because of toxic gas and smoke formation [3] . However, high levels of loading of phosphorous-based flame retardant additives are generally needed to achieve a reasonable flame retardancy which limits the applicability of polypropylene in some fields like fibre spinning [4] . By incorporating synergist additives into the system, the concentration of phosphorous based flame retardant (PBFR) additives can be reduced.
Carbon nanotubes (CNTs) are highly flame resistant and thermally anisotropic. They can be a good candidate as a synergist for the PP/PBFR combination. Low loading rate of CNTs (<3 wt%) has been reported to enhance the flame-retardant properties of different polymers [5] [6] [7] [8] . CNTs are fascinated class of nanoparticles which act as a carbon source, forming a heat shield over the polymer layer. It has the protective layer with a continuous network structure that promotes the flame retardancy of the polymer composites. Kashiwagi et al. [9] revealed that multi-walled carbon nanotubes (MWCNTs) enhance the thermal stability of PP and significantly reduce the heat release rate of PP. On the other hand, Shahvazian and Seyedmir [10] found that MWCNTs interfere with thermal stabilization and flame retardation efficiency of both APP/PER and red phosphorus flame retardant systems in the PP.
The class of phosphorus-based flame retardants includes a broad range of inorganic and organic compounds, including phosphates, phosphonates, phosphinates, phosphine oxides, phosphates and red phosphorus [6] . In this work, two different types of PBFR were chosen to investigate their effects on the flammability of polypropylene in the presence/ absence of CNTs; an inorganic PBFR (ammonium polyphosphate, Exolit AP 760) and an organic PBFR (cyclic phosphonate, Aflammit PCO 900). All samples were blended in twin screw micro compounder and injection moulded. Thermal properties and flammability of the prepared samples were determined by thermogravimetric analysis (TGA), limiting oxygen index (LOI) and micro combustion calorimetry (MCC).
II. EXPERIMENTAL SET-UP AND PROCEDURE

Materials
APP-based IFR (Exolit AP 760, industrial) was obtained from Clariant Plastics and Coatings AG, Germany. Cyclic phosphonate (Aflammit PCO 900, industrial) was supplied by Thor GmbH, Germany. Isotactic polypropylene with a melt flow index (MFI) of 35 g/10 min (230°C, 2.16 kg) was used. Multi-walled carbon nanotubes (MWNTs) (Purity: >95%, specific surface area: > 200 m 2 /g, average diameter of 10 -20 nm, and length of 0.5 -2 μm) were purchased from Grafen Co., Turkey. All the materials were used directly without further purification. APP-based IFR (Exolit AP 760) and cyclic phosphonate (Aflammit PCO 900) were represented by FR1 and FR2, respectively, within the entire text.
Methods
Reference PP and phosphorus-based flame retardants (PB-FRs) were dried in a vacuum oven at 65 °C for 3 h before use and were mixed in the presence/absence of CNTs by using a mechanical mixer before processing. Samples were compounded by a twin-screw micro compounder operated at 180°C and moulded by injection (DSM Xplore, The Netherlands). The total content of phosphorus-based FR was kept constant (8 wt%) in the formulations. The loading of CNTs was differed from 0.5 wt% to 2.0 wt% to investigate its effect on the flammability of PP/PBFR composites ( Table 1 ). The maximum loading of PBFRs and CNTs were held constant at 10 wt%. This maximum value was presumed to be an upper limit to consider their potential use for polypropylene fibre spinning [4]. 
III. ANALYSIS
The limiting oxygen index (LOI) values were measured by LOI test device (Concept Equipment, United Kingdom) according to ASTM D 2863.
Thermal analyses were carried out on a thermal analyser (Q600 SDT, TA Instruments, USA). Samples of 10±0.1 mg were heated in alumina pans from room temperature to 800 °C at a heating rate of 10 °C/min under nitrogen flow.
The micro-combustion calorimeter (MCC) tests were conducted according to ASTM D7309-2007 (Method A) using a micro calorimeter (FAA Micro Calorimeter, Fire Testing Technology, UK). About 3 mg sample was heated from 150 °C to 750 °C using a heating rate of 1 °C/s in a continuous stream of nitrogen flow (80 cm 3 /min). The thermal decomposition products (also called "fuel gases") were mixed with the stream of oxygen (20 cm 3 /min) before entering a 900 °C combustion furnace to calculate the data that were determined by oxygen consumption.
IV. RESULTS AND DISCUSSIONS
Limiting Oxygen Index (LOI) Test
The LOI value of reference PP (19%) increased to 19.8% by the addition of only a small amount of CNTs (0.5 wt%). Incorporating more CNTs did not further increase the LOI up to the addition of 2 wt% which improved the LOI to 20.4%. When 8 wt% of ammonium polyphosphate-based and organic phosphorous-based FRs were introduced in the PP matrix, LOI value of reference PP increased to 20.7% and 22.9%, respectively ( Table 1 ). Incorporation of 0.5 wt% CNTs did not alter the LOI value of PP/FR1 blend. The addition of 1.0 wt% CNTs to this system resulted in a slight decrease in LOI value. When 1.5 wt% CNTs was introduced, the LOI value remained constant; however, further decreased by the addition of 2.0 wt% CNTs. For the PP/FR2 system, the addition of CNTs reduced the LOI down even in small amounts (0.5 wt%). The higher amount of CNTs was incorporated the more reduction of LOI was concluded. Adding 2.0 wt% CNTs into PP/PBFR system decreased the LOI value by 4.4% and 9.6% for samples extruded with ammonium polyphosphate-based and organic phosphorous-based FRs, respectively.
Thermogravimetric Analysis (TGA)
TG and DTG curves of all investigated systems are shown in Figure 1 . The detailed thermal decomposition temperatures are shown in Table 2 . T max is defined as the temperature of the maximum weight loss rate.
TGA curves revealed that a single stage decomposition had occurred for PP/CNT (Figure 1a ) and PP/FR1/CNT (Figure 1c) samples initiated above 350 °C. For the PP/FR2 system, all flame-retardant formulations showed a two-step decomposition process that starts at around 250 °C and 389 °C for first and second steps, respectively (Figure 1d ). Reference PP showed a maximum of weight loss at 454.6 °C.
For the PP/FR1 system, the onset temperature did not alter compared to reference PP. The addition of ammonium polyphosphate (FR1) to PP did not result in a change of the maximum mass loss rate, however, T max increased from 454.6 °C to 463.3 °C. The maximum mass loss rate resulted in a gradual rise with an increase of CNTs loading, exhibiting a higher T max . Incorporation of CNTs to this system shifted the mass loss temperatures at 10 wt% and 50 wt% towards higher temperatures when the amount of CNTs in the PP matrix was increased. The residual masses at 500 °C and 700 °C were also increased with the addition of CNTs to this system ( Table 2) .
For the PP/FR2 system, the onset temperature shifted 17.5 °C lower compared to reference PP. T max of reference PP increased from 454.6 °C to 456.4 °C by the addition of organic phosphorous compound (FR2), remaining the maximum mass loss rate almost intact. After the corporation of increased loading of CNTs, both the maximum mass loss rate and T max of these samples were increased correspondingly. Similar to PP/FR1 system, decomposition temperatures at 10 wt% and 50 wt% shifted towards higher temperatures by the incorporation of an increased amount of CNTs. Residue formation at 500 °C and 700 °C increased from the addition of CNTs (Table 2 ). 
Micro Combustion Calorimetry (MCC) Test
MCC was utilized to assess the flammability of reference PP and its PBFR composites in the presence/absence of CNTs. The HRR versus temperature curves are depicted in Figure  2 and the corresponding heat release parameters are listed in Table 3 . HRR is the most important parameter in characterizing combustion behaviours, evaluating and predicting fire hazards of flammable materials [11]. PHRR refers to the highest rate of heat release that a flammable material can produce. The higher the PHRR is, the more destruction a flammable material will cause under fire scenario.
PP is a highly flammable material with a peak heat release rate (PHRR) of 1134.7 W/g, heat release capacity (HRC) of 1164.0 J/(gK), total heat release (THR) of 43.9 kJ/g and temperature at PHRR (T PHRR ) of 478.4 °C. With the addition of FR1 in PP matrix, the PHRR decreased significantly from 1134.7 to 1078.5 W/g (5.0% reduction); and HRC decreased from 1164.0 to 1102.0 J/(gK). When FR2 was introduced to PP matrix, the PHRR decreased significantly from 1134.7 to 1023.7 W/g (9.8% reduction); and HRC decreased from 1164.0 to 1045.0 J/(gK). The reduction of HRR and HRC could be attributed to a barrier effect formed by the FR additives which protects the PP composite by forming a char layer during combustion [12]. However, incorporation of both PBFRs caused an increase of T PHRR , from 478.4 °C to 486.8 and 483.6 °C for FR1 and FR2, respectively. When introduced small amounts of CNTs such as 0.5 wt% in FR formulation; PHRR, HRC and T PHRR values of both reference PP and PP/PBFR systems increased. The more loading of CNTs lead to a considerable rise in those values, nevertheless, resulted in a clear decrease of THR. One exemption to this tendency occurred by the addition of 2.0 wt% CNTs; THR values of all FR systems increased then. 
V. CONCLUSIONS
Incorporation of organic phosphorous-based flame retardant into PP matrix showed a better fire performance compared to ammonium polyphosphate-based FR by resulting 11.6% higher LOI value. When CNTs added to both PP/phosphorus-based flame retardant system, the antagonistic effect was found and LOI of these systems (8 wt%) were decreased. Only the LOI value of PP/ammonium polyphosphate-based FR system remained constant when 0.5 wt% CNTs incorporated. The addition of 2.0 wt% CNTs decreased the LOI value of PP/organic phosphorous-based FR system 5.2% higher than PP/ammonium polyphosphate-based FR system.
The addition of the PBFR additives increased the onset temperature of decomposition compared to reference PP. The residual mass of samples was also increased with the content of the PBFR additives; however, the addition of ammonium polyphosphate-based FR resulted in more residue after burning compared to organic phosphorous-based FR.
The addition of CNTs to reference PP and PP/FR1 systems changed the onset temperature of decomposition substantially. However, it showed only a slight increase in the onset temperature of PP/FR2 system. The mass loss temperatures at 50 wt% also increased by the addition of CNTs to both reference PP and PP/PBFR systems. The residual masses at 500 °C and 700 °C were also increased with the addition of CNTs for all systems.
Incorporation of FR2 to PP decreased the PHRR values of reference PP two times higher than FR1. Further addition of CNTs to all systems concluded an increase of PHRR. Temperature of peak heat release rate increased also for all loading of additives. THR values of all samples declined except the ones extruded with 2.0 wt% CNTs.
